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Abstract 
For active solar systems, such as solar collectors and PV panels it is important to estimate the possible thermal or electric energy 
production. The energy output of these devices depends on several factors. In this paper different models for estimating the 
available solar radiation were analyzed. The models selected for evaluation were the Liu-Jordan, the Hay and the Reindl et al. 
models. 
There are studies evaluating such models, but evaluations were not performed for Central and Eastern European locations, only 
for regions with different climatic conditions. Present study focuses on the Central and Eastern European region with it’s specific 
continental climate. In order to evaluate the models, a major city of the region, Budapest, was selected. In Eastern Europe usually 
only the monthly and yearly values of solar radiation are available and applied in engineering practice. However, in many cases 
more detailed data are required. Hence the aim of this paper is also to highlight the importance of available daily data for 
modeling. 
For solar collectors and PV panels, the optimal orientation is to the south and the optimal tilt angle is assumed to be 
approximately 45° in the region. The calculated daily values were compared to measured data. The solar radiation was measured 
on a 45° tilted, south oriented surface in Budapest. The dataset used for the global radiation calculations was provided by the 
Hungarian Meteorological Service. 
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1. Introduction 
1.1. Literature review 
There are several models to estimate incoming solar energy on inclined and oriented surfaces. However, these 
models contain empirical constants, thus they applicability has to be tested for different geographical locations. In 
papers [1] and [2] the Liu-Jordan, Hay and Klucher models were compared with measured data. In [1] the 
measurements took place in Woodbridge, Ontario. The data was registered for south facing surfaces at tilt angles of 
30°, 60°and 90°. The calculated and measured data were evaluated by the RMSE and MBE values. For the summer 
months all models had in average low RMSE, however in the rest of the year the RMSE value for the Liu-Jordan 
model was generally higher. By comparing the MBE values it was concluded, that both the Hay and Klutcher 
models perform better than the Liu-Jordan model, thus they were both recommended for solar energy calculations. 
In [2] the data were measured in Beer Sheva, Israel, on a south oriented, 40° tilt angle surface. The conclusions of 
this paper are very similar to the conclusions in [1], but in this case on monthly basis the Hay model gave the best 
values. On a yearly basis it was concluded, that both the Liu-Jordan and Hay models are giving acceptable values 
for a 40° tilt angle, south oriented surface. 
In [3] an extended statistical analysis was described and tested for different regions of Canada. The aim of the 
paper was to highlight the problem of using only the RMSE and MBE values for model evaluation and as an 
additional criterion the t-statistical analysis was proposed. In the paper results for only the RMSE and MBE values 
were compared to the results of the t-statistical analysis. The conclusion was as follows: “The t-statistic is not meant 
to replace the widely used root mean square and mean bias errors but to supplement them in aiding the model tester 
to more rapidly and reliably assess a model's performance.” 
Evaluation of 10 different diffuse radiation calculation models was done in [4]. The measurements took place in 
Valladolid, Spain and the measured surfaces were facing south and had 42° tilt angle. Among the other models the 
Liu-Jordan, Hay and Reindl et al. models were all evaluated. For the evaluation the RMSE, MBE and t-statistical 
analysis were used. It was concluded that among these models the RMSE value of the Reindl et al. model was the 
lowest. However, according to the MBE value, the Hay model performed slightly better. The calculated t-statistic 
value of the Hay model was the lowest, thus it can be concluded, that according to the statistical analysis the Hay 
model was performing the best in this case. 
In [5] 11 different solar calculation models were evaluated with data measured in Beer Sheva, Israel, at the same 
location as in [2], but the period of measurements was different. The 11 model comparison was made for all sky 
conditions and for specific (clear, partially cloudy and cloudy) sky conditions as well. The statistical indicators used 
were the RMSE and the MBE values. In case of all sky condition the Reindl et al. model performed the best, 
compared to the Liu-Jordan and the Hay models. For the clear and partially cloudy sky conditions the Reindl et al. 
model was still the best performing model, however the difference between the Hay and Reindl et al. model values 
was lower. In case of the cloudy sky the best performing model was the Hay model. 
Based on the measurement data from the Royal Meteorological Institute of Belgium, a model comparison study 
was made in [6]. The global radiation was measured on a south oriented 50.79° tilted surface. Calculated values 
from 14 different models were compared with measurement data from 11 months. The statistical indicators were the 
RMSE, MBE values and coefficient of determination. The statistical analysis was carried out for 5 separate sky 
conditions and for the all sky condition. In case of the all sky condition the Liu-Jordan model performed better than 
the Hay and Reindl et al. models, this conclusion was based on the RMSE and MBE values. In the selective sky 
comparisons the RMSE values were presented and in all these cases, as well as in case of the all sky condition, the 
Liu-Jordan model performed better. 
According to the mentioned papers several different locations were examined in order to determine the best 
performing model, however no evaluations were made at Central European locations. Based on the previously made 
model comparisons, a comparative study for the Liu-Jordan, Hay and Reindl et al. models with measured data in 
Budapest, Hungary is presented in this paper. 
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Nomenclature 
Gt global radiation on a tilted plane [kW/m
2] 
It beam radiation on a tilted plane [kW/m
2] 
Dt diffuse radiation on a tilted plane [kW/m
2] 
Rt reflected radiation on a tilted plane from the surroundings [kW/m
2] 
G global radiation on a horizontal plane [kW/m2] 
D diffuse radiation on a horizontal plane [kW/m2] 
Rb ratio of beam radiation on a tilted plane to the beam radiation on a horizontal plane 
αM tilt angle of the tilted plane [°] 
A albedo value [-] 
Ai anisotropy index 
f modulating factor of cloudiness 
RMSE root mean square error 
MBE mean bias error 
t t-statistic value 
Subscripts: 
c calculated value 
o observed value 
2. Measurement data and modeling 
2.1. Measured sunshine hours and global radiation data 
The radiation and sunshine hours were measured at two different stations by different organizations. However, 
the distance between the stations is only 5.37 km. The sunshine hours measurement data was provided by the 
Hungarian Meteorological Service. The provided data was measured at the following coordinates: N: 47° 30' 
39.7512'', E: 19° 1' 41.0988'', between 01.01.2003 and 31.12.2012. 
The measured radiation data was provided by the Naplopó Ltd. The company measured global radiation on a 45° 
inclined south oriented surface. The measuring device is a Kipp&Zonen CM-5 pyranometer, which was calibrated in 
2004, before measurements started. The data was measured at the following coordinates: N: 47° 33' 25.8264'', E: 19° 
2' 59.0712''. The data was logged for every minute between 10.01.2004 and 05.04.2012. The data collected was 
processed in order to filter significant measurement errors and to calculate daily values from the minute registered 
data. During the measurement time the data logging was interrupted occasionally by the malfunction of the data 
logger, such data was removed from the measured data and the comparison was only made for days which were 
logged properly. 
2.2. Calculation models 
The Liu-Jordan, Hay and Reindl et al. models are global radiation calculation models. In these models the beam, 
diffuse and reflected radiation components are calculated separately. The Anström-Prescott method was used to 
calculate the ratio of the direct to the diffuse radiation for all models [7,8]. In these calculation models the beam and 
reflected radiation components are calculated according to (1) and (2). The models only differ in the calculation of 
diffuse radiation. In the Liu-Jordan model diffuse radiation is calculated as isotropic radiation from the sky dome 
[9]. The Hay model introduces a second component, the circumsolar diffuse radiation is added to the isotropic 
diffuse radiation, which results in a higher calculated global radiation [10]. The Reindl et al. model introduces the 
horizon brightening diffuse component, which is added to the Hay model’s diffuse radiation components. The 
diffuse radiation in the Liu–Jordan model was calculated according to (3), in case of the Hay model it was calculated 
according to (4) and in case of the Reindl et al. model it was calculated according to (5). For each model the global 
radiation is calculated as in (6). 
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2.3. Statistical analysis 
In order to evaluate the above described models four statistical indicators were calculated: the root mean square 
error, the mean bias error, the t-statistic value and coefficient of determination. The calculations were performed 
according to the following equations: 
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The RMSE value is providing information about the short-term performance of a model. It calculates difference 
between each pairs of data, smaller value of RMSE suggests better performance. The drawback of this value is that a 
few large errors can cause a significant increase in the sum and also it is not evaluating the over- and 
underestimation. The MBE value is providing information about the long-term performance of a model. Positive 
values of MBE mean overestimation and negative values mean underestimation. The smaller absolute value of the 
MBE the better the model is. The drawback of this value is that the over and underestimations can negate each 
other’s effect, thus for example one large overestimation can compensate a longer period of moderate 
underestimations. 
The t-statistic value is calculated in order to determine if the average of the calculated values is an acceptable 
approximation of the average of the measured ones. The calculated t-statistic value is compared to the critical value 
of t-statistic, at a level of 95% significance. 
3. Model comparison 
First the observed and calculated values were compared on a daily basis between 2004 and 2012. RMSE, MBE 
and t-statistic values were calculated for every year. The calculated values are presented in Table 1. In the table the 
critical values of t are presented for the 95% significance level. 
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Table 1. The calculated statistical indicators for the years 2004 – 2012. 
Year  RMSE RMSE 
[%] 
MBE MBE 
[%] 
R2 t tkrit Nr. of values Acceptable 
[Y/N] 
2004 Liu-Jordan 0,873 23,27 -0,167 -4,44 0,929 3,616 1,969 347 N 
Hay 0,883 23,54 -0,037 -0,99 0,923 0,783 Y 
Reindl et al. 0,877 23,38 -0,011 -0,30 0,924 0,241 Y 
2005 Liu-Jordan 0,683 17,48 -0,064 -1,65 0,959 1,805 1,968 365 Y 
Hay 0,747 19,13 0,099 2,54 0,948 2,555 N 
Reindl et al. 0,744 19,03 0,125 3,20 0,949 3,251 N 
2006 Liu-Jordan 0,655 18,04 0,190 5,23 0,956 5,775 1,968 
 
365 
 
N 
Hay 0,794 21,87 0,343 9,46 0,944 9,152 N 
Reindl et al. 0,800 22,05 0,369 10,17 0,945 9,922 N 
2007 Liu-Jordan 0,591 15,34 0,051 1,31 0,969 1,637 1,968 365 Y 
Hay 0,709 18,40 0,201 5,20 0,956 5,625 N 
Reindl et al. 0,709 18,41 0,228 5,92 0,957 6,473 N 
2008 Liu-Jordan 0,599 16,21 0,111 3,01 0,959 3,600 1,968 363 N 
Hay 0,744 20,13 0,262 7,09 0,943 7,157 N 
Reindl et al. 0,750 20,28 0,289 7,82 0,944 7,954 N 
2009 Liu-Jordan 0,649 17,86 0,099 2,72 0,964 2,859 1,969 346 N 
Hay 0,743 20,46 0,232 6,39 0,955 6,106 N 
Reindl et al. 0,746 20,55 0,258 7,09 0,956 6,830 N 
2010 Liu-Jordan 0,636 18,39 0,143 4,14 0,958 4,351 1,968 355 N 
Hay 0,704 20,35 0,277 8,00 0,955 8,044 N 
Reindl et al. 0,711 20,56 0,301 8,72 0,955 8,804 N 
2011 Liu-Jordan 0,639 16,74 0,265 6,94 0,967 8,677 1,968 364 N 
Hay 0,793 20,77 0,437 11,46 0,957 12,597 N 
Reindl et al. 0,804 21,07 0,463 12,12 0,958 13,409 N 
2012 Liu-Jordan 0,619 16,55 0,047 1,26 0,958 0,738 1,986 95 Y 
Hay 0,806 21,54 0,383 10,22 0,951 5,225 N 
Reindl et al. 0,814 21,76 0,400 10,69 0,952 5,466 N 
 
From Table 1 it is clearly visible that the calculated t-statistic value is in most of cases exceeding the critical 
value for 95% significance level. This means, that in most cases the average of the calculated values are statistically 
not representing the average of the measured ones. This may occur due to the fact that the measurements were made 
at slightly different locations. According to the t-statistical analysis the Liu-Jordan model was acceptable in the 
years 2005, 2007 and 2012, the Hay and Reindl et al. models gave acceptable results in 2004. The RMSE values 
calculated for different years show that in all years the Liu-Jordan model performs better than the anisotropic 
models. The calculated MBE values were in most of the years positive, thus all the models were overestimating the 
observed radiation, and it was only in 2004 when the models were underestimating the measured incoming 
radiation. 
The calculated coefficient of determination was higher than 92.3% for all models, which means a closely linear 
correlation between the measured and calculated values. For 2004 the measured and observed values are presented 
in Fig. 1. 
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Fig. 1. The different models’ calculated radiation in 2004, in function of measured radiation 
4. Summary 
Different solar radiation models were compared in order to determine the best performing one for Budapest, 
Hungary. The measurements were made at two stations with a 5.37 km distance between them. To evaluate the 
different models the RMSE, MBE, coefficient of determination and the t-statistic values were used. Results of an 
isotropic model (Liu-Jordan) and two anisotropic models (Hay and Reindl et al.) were compared on a daily basis by 
using measurement data from a south facing, 45° tilted surface. The results of the t-statistical analysis showed that 
the averages of the calculated and measured values were statistically different in most cases. According to the t-
statistical analysis the Liu-Jordan model was acceptable only for years 2005, 2007 and 2012 and the anisotropic 
models were only acceptable in 2004. The calculated RMSE values show that in all years the Liu-Jordan model 
performed better than the anisotropic models. The calculated MBE values were for most of the years positive, thus 
all the models were overestimating the observed radiation, but in 2004 all models were underestimating the 
measured incoming radiation. The calculated coefficient of determination was in all cases higher than 92.3%, thus 
the calculated values were showing a closely linear correlation with the measured data. 
We concluded, that in case of solar energy measurements the input data for the models and the data for validation 
have to be measured at the same station. Based on the results the Liu-Jordan model was performing the best. 
However, to prove this statement further measurements and calculations are needed. The result obtained and the 
conclusions of the cited papers indicate that for different locations different diffuse radiation models are performing 
best, thus it is necessary to perform such analysis under different climate conditions in order to determine the best 
operating calculation model. 
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